Cross-sectional studies have shown that occupational exposure to vapors, gases, dusts, and fumes (VGDF) and pesticides is associated with a lower level of lung function. These associations seem to be stronger in ever smokers. In the current study, we aimed to assess whether occupational exposure to VGDF and pesticides is associated with longitudinal decline in lung function. We used 12,772 observations from 2,527 participants in the VlagtweddeVlaardingen Study, a general-population-based cohort study that followed subjects for 25 years, from 1965 to the last survey in 1989/1990. Job-specific exposure was estimated with the ALOHA+ job exposure matrix. Associations between exposures and annual changes in forced expiratory volume in 1 second (FEV 1 ) and FEV 1 as a percentage of inspiratory vital capacity (FEV 1 %VC) were assessed with linear mixed-effect models including sex, age, and level of lung function at the first measurement and pack-years of smoking at the last measurement. We tested for interaction between smoking and occupational exposure and assessed associations separately for never smokers and ever smokers. Exposure to VGDF was not associated with accelerated lung function decline after adjustment for coexposure to pesticides. Exposure to pesticides, both in the last-held job and as a cumulative measure, was associated with accelerated decline in FEV 1 and FEV 1 %VC, especially among ever smokers, where we found an excess change in FEV 1 of -6.9 mL/year (95% confidence interval: -10.2, -3.7) associated with high pesticide exposure. general population; longitudinal studies; lung; lung function decline; occupational exposure; pesticides; smoking Abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; FEV 1 , forced expiratory volume in 1 second; FEV 1 %VC, FEV 1 as a percentage of inspiratory vital capacity; JEM, job exposure matrix; VGDF, vapors, gases, dusts, and fumes.
A lower level of lung function and accelerated decline in lung function are associated with respiratory diseases such as chronic obstructive pulmonary disease (COPD). Although cigarette smoking is regarded as the most important environmental risk factor for impaired lung function, accelerated lung function decline, and development of COPD, there are additional environmental risk factors. Approximately 15%-20% of all COPD cases have been attributed to occupational exposures (1) . Cross-sectional studies have shown that occupational exposure to vapors, gases, dusts, and fumes (VGDF) is a risk factor for respiratory symptoms, a lower level of lung function, and COPD in the general population (2) (3) (4) . These associations are suggested to be even stronger in ever smokers (5, 6) . Moreover, we recently showed that occupational exposure to pesticides was cross-sectionally associated with a lower level of lung function and increased prevalence of COPD in 2 general populations (5) .
Several studies have focused on specific exposures within single industries or companies, such as exposure to dusts and gases in tunnel construction workers, exposure to organic dust in pig farmers, and exposure to cotton dust versus silk dust in textile workers (7) (8) (9) . To date, only 1 study has assessed the association between occupational exposures, as estimated by means of the ALOHA job exposure matrix (JEM), and longitudinal decline in lung function in a general population. In that study, using meta-analyzed data from 27 individual European centers, Sunyer et al. (10) did not find an association between exposure to dusts, gases, and fumes or the composite measure VGDF and decline in lung function between 2 surveys administered on average 9 years apart. This null finding may have been due to the relatively young age of the study population (25-45 years) and the relatively short follow-up time; hence, cumulative exposure may have been too limited (10) . With the current study, we extended the findings of previous analyses by using a general population cohort that has been followed for 25 years, with surveys performed every 3 years. Moreover, we now have additional estimates of occupational exposure to pesticides from the recently extended ALOHA JEM (ALOHA+). Therefore, the aim of the current study was to assess whether occupational exposures to VGDF and pesticides (comprising herbicides and insecticides) were associated with longitudinal decline in lung function in a general population, and secondly whether these associations differed for never and ever smokers.
METHODS

Study population and measurements
The study population consisted of subjects who participated in the last survey (1989/1990) of the VlagtweddeVlaardingen Study, a prospective general-population-based cohort study on the epidemiology of pulmonary diseases. The cohort study, including subjects from a rural area in the northeastern part of the Netherlands (Vlagtwedde) and subjects from an urban area in the southwestern part of the Netherlands (Vlaardingen), started in 1965. Participants were followed for 25 years, with surveys performed every 3 years (11, 12) . In Vlaardingen, only participants who were included at baseline (1965 or 1969) were approached for follow-up, whereas in Vlagtwedde new subjects aged 20-65 years were invited to participate at every survey. The study protocol was approved by the local university medical hospital ethics committee (University Medical Center Groningen, Groningen, the Netherlands). All participants gave their written informed consent. In 1984, the Committee on Human Subjects in Research of the University of Groningen reviewed the study and affirmed the safety of the protocol and study design.
During each survey, information was collected by questionnaires, and spirometry was performed with a water-sealed spirometer using a slow inspiration maneuver, according to European Respiratory Society criteria. (For more information about the inspiratory vital capacity measurements, see Web Appendix 1, available at http://aje.oxfordjournals.org/.) Job titles and descriptions reported at the time of the last survey were used to estimate job-specific VGDF and pesticide exposures in the current job (or the last-held job, in case of current unemployment), and exposure was categorized as none, low, or high (scored 0, 1, or 2, respectively) using the ALOHA+ JEM (4, 5) . Cumulative exposure was calculated as the number of intensity-years in 3 jobs: the last-held job, the previous job, and the most important job before the previous job, multiplied by the intensity of exposure (low = 1 and high = 4). All job titles and descriptions were obtained from the questionnaire administered at the last survey in 1989/1990 (the specific survey question can be found in Web Appendix 2). Information on numbers of years worked in the reported jobs was available for 93% of the subjects.
Statistical analysis
Associations between the exposures and annual changes in forced expiratory volume in 1 second (FEV 1 ) and FEV 1 as a percentage of inspiratory vital capacity (FEV 1 %VC) were assessed with linear mixed-effect models. For each subject, the linear mixed-effect model takes into account every available survey. Only surveys performed at age 30 years or older were included, because an individual's maximal level of lung function is assumed to have been reached before that age and thereafter lung function is considered to be in the decline phase (13) . The linear mixed-effect models included sex, age at the first measurement (centered at age 30 years), level of lung function at the first measurement (absolute value centered at the population mean level), pack-years of smoking at the last measurement, and their interaction with time since first measurement. Time was defined as years since first measurement. A random factor was assigned to the intercept and time. Statistical analyses were performed with Spotfire S-PLUS, version 8.1 (TIBCO Software Inc., Palo Alto, California) and SPSS, version 20 (IBM Corporation, Armonk, New York). P values less than 0.05 were considered statistically significant (tested 2-sided).
Because of substantial co-exposure between the specific occupational exposures, the analysis of VGDF exposure additionally included adjustment for exposure to pesticides, and conversely the analysis of pesticide exposure included adjustment for exposure to VGDF. A high level of exposure to pesticides was always accompanied by a high level of exposure to VGDF in our sample; therefore, testing for interaction between the 2 exposures was not possible. In an attempt to disentangle the associations with exposure to VGDF and pesticides, we created groups based on joint exposure to VGDF and pesticides (unexposed, high exposure to VGDF only, or high exposure to both VGDF and pesticides) and assessed associations with annual change in FEV 1 and FEV 1 %VC.
Additionally, we assessed whether the associations between occupational exposures and change in lung function were different for never and ever smokers and tested for interaction.
RESULTS
Population characteristics
Population characteristics are shown in Table 1 . A total of 12,772 observations from 2,527 subjects were available (the median number of observations per subject was 5; range, [1] [2] [3] [4] [5] [6] [7] [8] . Of all subjects, 53% were male, and the median age at the last visit was 53 years. There were 2 times more ever smokers than never smokers. One-third of the subjects were occupationally exposed to high levels of VGDF (33%), whereas exposure to high levels of pesticides was less common (12%). The median number of intensity-years, estimated as years of exposure weighted by intensity of exposure (low = 1, high = 4), within the exposed subjects (>0 exposure years) was 48 years (range, 1-260) for VGDF and 56 years (range, 1-228) for pesticides. The mean estimated change in lung function in the whole sample was −18.0 mL/year (95% confidence interval (CI): −19.6, −16.5) for FEV 1 and −0.08%/year (95% CI: −0.11, −0.05) for FEV 1 %VC.
VGDF exposure and annual change in lung function
The group that was unexposed to VGDF had an average annual change of −17.2 mL/year (95% CI: −19.0, −15.4) in FEV 1 and −0.07%/year (95% CI: −0.10, −0.03) in FEV 1 %VC. Compared with no exposure, high occupational exposure to VGDF in the last-held job was significantly associated with an excess change in FEV 1 (−4.0 mL/year, 95% CI: −6.1, −2.0) but was not significantly associated with change in FEV 1 %VC (−0.04%/year, 95% CI: −0.08, 0.00). When adjusted for pesticide exposure, occupational exposure to VGDF in the last-held job was no longer significantly associated with excess change in FEV 1 ( Table 2 ). There was a marginally significant association with cumulative exposure (intensity-years) to VGDF ( Table 2 ). There was no significant interaction between smoking and VGDF exposure (Table 3) .
Pesticide exposure and annual change in lung function
The participants who were unexposed to pesticides had an average annual change of −17.6 mL/year (95% CI: −19.1, −16.0) in FEV 1 and an average annual change of −0.07%/ year (95% CI: −0.10, −0.04) in FEV 1 %VC. Compared with no exposure, occupational exposure to high levels of pesticides in the last-held job was associated with an excess change of −6.2 mL/year (95% CI: −8.6, −3.8) in FEV 1 and a change of −0.09%/year (95% CI: −0.14, −0.04) in FEV 1 %VC. This association remained present after adjustment for co-exposure to VGDF ( Table 2 ). The negative association between occupational exposure to pesticides and annual change in lung function was confirmed when we used an estimate of cumulative exposure to pesticides (intensity-years) ( Table 2 ). The annual changes in both FEV 1 and FEV 1 %VC were significantly larger in ever smokers with high pesticide exposure than in never smokers with high pesticide exposure; the P values for interaction between smoking and high exposure to pesticides in the last-held job were 0.02 and 0.01 for FEV 1 and FEV 1 %VC, respectively, after adjustment for coexposure to VGDF and the VGDF-by-smoking interaction. When the associations were assessed for never and ever smokers separately, the associations between occupational exposure to pesticides, both in the last-held job and as a cumulative measure (intensity-years), and change in FEV 1 and FEV 1 %VC remained present in ever smokers only (Table 3) .
Joint exposure to VGDF and pesticides
High exposure to pesticides was always accompanied by high exposure to VGDF in our sample; that is, there was no "high exposure to pesticide only" group. The group with high exposure to both VGDF and pesticides in the last-held job had a significant excess change of −6.7 mL/year (95% CI: −9.2, −4.1) in FEV 1 and a change of −0.09%/year (95% CI: −0.14, −0.04) in FEV 1 %VC, compared with the unexposed group. There was also a significant difference between the group with high exposure to both VGDF and pesticides and the group with high exposure to VGDF only (change in FEV 1 = −4.7 mL/year (95% CI: −7.5, −1.9); change in FEV 1 %VC = −0.08%/year (95% CI: −0.14, −0.03)) (Figure 1 ). There was no difference in lung function change between the group with only high exposure to VGDF and the unexposed group (FEV 1 : −2.0 mL/year (95% CI: −4.1, 0.1); FEV 1 % VC: −0.00%/year (95% CI: −0.05, 0.05)).
DISCUSSION
Our current study shows that occupational exposure to pesticides is associated with accelerated annual decline in FEV 1 and FEV 1 %VC in this sample from the Dutch general population. To our knowledge, no other study to date has investigated the association between occupational exposure to pesticides and decline in lung function in a general population. Crosssectional studies have shown associations of specific types of pesticides with the presence of chronic bronchitis in US farmers (14) and their spouses (15) and with lower levels of FEV 1 and FVC in occupationally exposed farmers from Sri Lanka (16) and South Korea (17) . Recently, we have shown that occupational exposure to pesticides, as assessed with the ALOHA+ JEM, was associated with lower levels of FEV 1 and FEV 1 %VC and an increased prevalence of COPD in a cross-sectional analysis of 2 Dutch general populations, the LifeLines cohort and the current Vlagtwedde-Vlaardingen cohort (5). With the a The model adjusted for sex, age, and level of lung function at the first measurement, pack-years of smoking at the last measurement, and co-exposure to VGDF or pesticides.
b No exposure in the last-held job at the time of the last survey (1989/1990). c Excess annual change in lung function per 10 intensity-years; intensity-years were estimated as years of exposure weighted by intensity of exposure (low = 1, high = 4).
d Number of subjects exposed for >0 intensity-years as a percentage of the total number of subjects. e Both herbicides and insecticides. c Excess annual change in lung function per 10 intensity-years; intensity-years were estimated as years of exposure weighted by intensity of exposure (low = 1, high = 4). d Number of subjects exposed for >0 intensity-years as a percentage of the total number of subjects. e Both herbicides and insecticides. f P < 0.05 for interaction between smoking status and occupational exposure.
current study, we extended these findings by showing that high exposure to pesticides had clinically relevant associations, especially in ever smokers, where we found an excess change in FEV 1 of -6.9 mL/year compared with no exposure. Subjects who were highly exposed to pesticides in our sample included field crop and vegetable growers (72%), mixed crop and animal producers (12%), gardeners, horticultural and nursery growers (15%), and tree and shrub crop growers (1%). To exclude the possibility that the associations were driven by crop-farming-related exposures that we did not account for in the current study, we performed an additional analysis in which we excluded the agricultural workers (i.e., the field crop and vegetable growers and the mixed crop and animal producers). Associations between high exposure to pesticides and level of change in FEV 1 (−13.1 mL/year, 95% CI: −19.1, −7.1) and FEV 1 %VC (−0.19%/year, 95% CI: −0.31, −0.06) were even stronger in the remaining group, of which the majority were gardeners and horticultural and nursery growers. In an additional analysis, we assessed associations with 2 pesticide subcategories: insecticides and herbicides (Web Tables 1-3 ). Associations with insecticides were similar to those for all pesticides. The strongest association with FEV 1 was seen for low exposure to herbicides, an association that may have been driven by the gardeners and horticultural and nursery growers.
Within our sample, almost all subjects with high pesticide exposure (about 99%) originated from the rural area around Vlagtwedde in the northeastern part of the Netherlands. Approximately 80%-90% of the agricultural land around Vlagtwedde was used for cultivation of crops during the study period . During the 1960s and 1970s, the majority of cultivated crops were cereals (about 50%), and during the 1980s and 1990s they were potatoes (about 50%). Within the potatoes sector, dinitrophenol herbicides were used until the 1980s, whereas the quaternary ammonium herbicides (diquat and paraquat) became the most commonly used herbicides from the early 1980s onward (M. Brouwer, University of Utrecht, personal communication, 2014; for more detailed information, see Web Table 4 ).
Exposure to pesticides in the occupational setting occurs during mixing, loading of equipment, and spraying and application (18) . An important change in pesticide application during the study period may have been the change from open cabins to closed cabins on tractors. However, the most important changes in application methods occurred after the study period, starting in the late 1990s. We used a general JEM-based estimate of pesticide exposure (no/low/high), but the specific intensity of exposure may depend on the prudence and (protective) equipment of the pesticide applier. Moreover, the specific mechanism leading to damage in the lungs is probably different for each pesticide; the specific mechanism, among others, depends on the affected biochemical pathway and on the vapor and aerosol droplet size. For example, the primary mechanism for paraquat toxicity is its cyclic redox reaction and consequent free radical generation, resulting in oxidative damage to the lung tissue (19) . It is very well likely that the effect of exposure to such a pesticide is more pronounced when antioxidant systems are already depleted by cigarette smoking and the lung tissue has already been damaged by the free radicals from tobacco smoke. Occupational exposure to pesticides may then act synergistically with tobacco smoke exposure, as suggested by the interaction between smoking and pesticide exposure that we found in both the previous cross-sectional study (5) and the current longitudinal study.
Sunyer et al. (10) , using the same JEM to assess occupational exposure, did not detect an accelerated decline in FEV 1 among subjects exposed to dusts, gases, and fumes or the composite measure VGDF in a relatively young population (ages 25-40 years). Our cohort consisted of a more heterogeneous sample of older persons who had lung function measurements taken every 3 years, yet the association between exposure to VGDF in the last-held job and annual decline in FEV 1 in our study disappeared after adjustment for pesticides. There was a marginally significant association between cumulative exposure (intensityyears) to VGDF and annual decline in FEV 1 .
Our study had several strengths and limitations. Our general population was followed for 25 years, and we had repeated measurements for the majority of subjects included; on average, 5 measurements were available for each subject. Subjects were included from a both rural area (Vlagtwedde) and an urban area (Vlaardingen), yet effect estimates remained similar when we adjusted for area (results not shown). Secondly, we used 2 estimates of occupational exposure: exposure in the last-held job and cumulative exposure (intensity-years) based on number of years exposed in the last-held and 2 previous jobs reported at the last measurement, weighted by intensity of exposure. Duration of employment in the reported jobs was available for 93% of the subjects. Conclusions remained similar when we assumed exposure of 1, 5, or 10 years when information on job duration was missing. Moreover, using estimates of occupational exposure in the last-held job and using estimates of cumulative exposure (intensity-years) resulted in the same conclusions. Finally, exposures were estimated with the ALOHA+ JEM, which was specifically designed for general-populationbased studies. In general, an advantage of using JEM-based exposure estimates rather than self-reported exposures is that they are less likely to be affected by recall bias and differential misclassification of exposure (20, 21) .
An important limitation of our study is that we were not able to completely disentangle the associations of VGDF and pesticide exposure; that is, high pesticide exposure was always accompanied by high VGDF exposure. In the analyses based on joint high levels of exposure to VGDF and pesticides, we confirmed that there was no association for only high VGDF exposure. It remains to be elucidated whether the association found with pesticides is driven by an association for pesticide exposure only or an association for joint exposure to pesticides and VGDF. Moreover, we did not have specific information on the pesticides applied; this information may be required to determine the specific biological pathways by which pesticides affect decline in lung function and consequently to set up interventions. In addition, since the late 1990s, there have been changes in regulation of application methods and pesticides available on the market; for example, paraquat has been banned in the European Union since 2007. Also, fewer people smoke today than during the study observation period. Therefore, translation of these findings to today's workers is uncertain and will require studies in cohorts of historically younger age. Finally, occupational exposure was ascertained at the last study visit in 1989/1990. Subjects with respiratory complaints or lung function impairment could have changed occupations or dropped out of the study. This may have resulted in underestimation of the associations between occupational exposures and annual decline in lung function.
Notwithstanding, with the current study we have shown that occupational exposure to pesticides is associated with clinically relevant accelerated decline in both FEV 1 and FEV 1 %VC. The agricultural sector employs more than 1.1 billion workers worldwide (about 34% of the global workforce) (22) ; therefore, health effects associated with occupational exposure to pesticides can have a large public health impact. This is especially true in populations that are highly exposed, such as agricultural workers in developing countries, who often apply pesticides with insufficient protective equipment and training (23) .
In conclusion, we have shown that occupational exposure to pesticides is associated with clinically relevant accelerated annual decline in lung function in the general population. This may subsequently increase the risk for development of COPD and thereby contribute to the large burden of morbidity and mortality associated with this disease.
